Previous studies describe a unique culture method for the commitment of murine embryonic stem cells to early endocrine pancreata. In this report, early pancreatic-like ␤-cell progenitors were enriched and a colony assay devised to allow these progenitors to differentiate into insulin-expressing colonies in vitro. 
T
he pancreas is comprised of exocrine and endocrine tissues and develops from the foregut endoderm of the embryo. Many transcription factors, including Pdx-1 (pancreatic duodenal homeobox-1) (1,2), basic helix-loop-helix (bHLH) transcription factor PTF1a (3), neurogenin 3 (Ngn3) (4), homeodomain proteins Nkx2.2 (5) and Nkx6.1 (6) , paired domain transcription factors Pax4 (7), Pax6 (8) , bHLH transcription factor NeuroD (9) , and forkhead homeobox A2 (Foxa2) (10) , have been found to be important for the morphogenesis of pancreatic buds and the formation of exocrine and endocrine cells. Pdx-1, a homeodomaincontaining transcription factor, is one of the earliest genes expressed in the pancreatic lineage. Pdx1-lacZ knock-in mice stain positive for ␤-galactosidase as early as embryonic day (E) 8.5 in the region that forms the pancreatic buds (1, 2) . Mice that lack Pdx-1 develop only a small pancreatic rudiment, demonstrating the importance of this gene in pancreatic morphogenesis (2, 11) . Ngn3, a bHLH transcription factor, is expressed later (ϳE9.5) during development, and mice deficient for Ngn3 develop diabetes due to the lack of all endocrine lineages (4) . Using genetic cell-lineage tracing that labels specific populations of cells at a given time, it was confirmed that early (ϽE12.5) Pdx-1 ϩ progenitors give rise to all pancreatic lineages, including duct, exocrine, and endocrine cells (12) . In contrast, cells that express Ngn3 differentiate only into endocrine, but not exocrine, lineages (12) . Collectively, these studies support the view that sequential activation of transcription factors is accompanied by progressive restriction in the lineage potential of pancreatic progenitors.
Although several transcriptional regulators and signaling pathways have been shown to play an important role in pancreatic development over the past decade, two major problems have prevented the isolation of pancreatic progenitors. One is the lack of suitable cell surface markers that can be used for enrichment of pancreatic progenitors by cell sorting. The other is the absence of a permissive culture method in which single pancreatic progenitors can differentiate according to their lineage potential. Colony assays have played important roles in deciphering the growth-factor requirements, interactions, and mechanisms governing the lineage commitment of hematopoietic stem cells (13) . In the field of pancreatic progenitor cell biology, pancreatic organ cultures have been devised (14, 15) ; however, such assays do not address biological questions at the single-cell level, and cultivation and differentiation of dissociated pancreatic progenitors into any lineage have so far not been possible. In this report, we identify a colony assay method for pancreatic-like ␤-cell progenitors isolated from murine embryonic stem cell-derived populations.
RESEARCH DESIGN AND METHODS
Growth and differentiation of embryonic stem cells. The murine embryonic stem lines R1, TL1, and Ngn3-EGFP (16) were maintained in an undifferentiated state as described (17) . Differentiation protocols were as described (17) , with minor modifications. Embryoid bodies grown in the presence of a selected batch of FCS (Gemini BioProducts, West Sacramento, CA) for 6 days were used in this study. Whole embryoid bodies were washed, counted, and plated to "tertiary culture" in six-well tissue culture plates or T-175 flasks (Becton Dickinson Falcon, San Jose, CA). The basic tertiary culture medium contained Dulbecco's modifed Eagle's medium/F-12 (1:1) (Mediatech, Herndon, VA) and 15% knockout serum replacement (Invitrogen, Carlsbad, CA). From day 0 to day 2 of tertiary culture, 5% serum was added to basic media to hasten the attachment of embryoid bodies. On day 7 of the tertiary culture, 10 mmol/l nicotinamide (Sigma, St. Louis, MO), 10 ng/ml human recombinant activin-␤B (R&D Systems, Minneapolis, MN), and 0.1 nmol/l exendin-4 (Sigma) were added. Dissociation and reaggregation experiments. For dissociation on day 0 of tertiary culture, single-cell suspensions from a total of 90 embryoid bodies treated with trypsin-EDTA were plated in three wells of a six-well plate. For dissociation on days 3, 7, and 10 of tertiary culture, a total of 90 nondissociated embryoid bodies were first plated in three wells and on designated days cells were trypsinized, washed, and then incubated with 2 mg/ml collagenase D (Roche Diagnostics, Indianapolis, IN) and 10 g/ml DNase I (Calbiochem, San Diego, CA) for 30 min to yield single-cell suspensions. Cells were allowed to reaggregate in 24-well ultralow protein-binding plates (Costar; Corning, Acton, MA) at a concentration of 2-3 ϫ 10 5 cells/ml in either basic tertiary media (days 0 and 3 of tertiary culture) or tertiary media supplemented with a combination of nicotinamide, exendin-4, and activin ␤B (NEA) (days 7 and 10 of tertiary culture) for 24 h. Cultures were maintained according to the schedule depicted in supplemental Fig. 1 (which can be found in an online appendix available at http://dx.doi.org/10.2337/db06 -0468), and all cells were collected on day 14 of tertiary culture. Expression of insulin I was analyzed by real-time RT-PCR. Cell sorting and colony culture for progenitors. Cells from day 10 of tertiary culture were dissociated into a single-cell suspension as described above. Cells were washed with PBS containing 0.1% BSA and passed through a 20-m mesh before placing in a sorter (FACSVantage SE with FACSDiVa Option; Becton Dickinson, San Jose, CA). Cells were gated on forward and side scatter, and doublets were eliminated. Ngn3-EGFP ϩ cells were gated according to the FL1/EGFP and FL3/autofluorescence window so that Ͼ99% of TL1 cells are negative as displayed in Fig. 1B .
Cells were placed in colony culture at a density of 2.5 ϫ 10 4 cells/well/0.5 ml. For Matrigel-based colony culture, one part of cold Matrigel was mixed with two parts of cold tertiary culture media and then added at 100 l/well to eight-well chamber slides (Becton Dickinson Biosciences Discovery Labware, Bedford, MA) as droplets. After incubation at 37°C for 30 min to solidify the gels, cells in 400 l/well basic tertiary media containing 50% tertiary conditioned media (CM), 5% FCS, 1 ng/ml vascular endothelial growth factor (VEGF)-A (R&D), 10 mmol/l nicotinamide, 0.1 nmol/l exendin-4, and 10 ng/ml human recombinant activin-␤B were added on top of the gels. The tertiary-CM was obtained by adding the basic tertiary media containing NEA on day 7 of the tertiary culture and collecting the medium on day 10. For methylcellulosebased colony culture, 1 ml cold culture mixture contained 1% 1,500 centipoise (high-viscosity) methylcellulose (Sinetsu Chemical, Tokyo, Japan), 5% Matrigel, 50% tertiary-CM, 5% FCS, 1 ng/ml VEGF-A, 10 mmol/l nicotinamide, 0.1 nmol/l exendin-4, and 10 ng/ml human recombinant activin ␤B. The culture mixture was placed in either eight-well chamber slides or 24-well ultralow protein-binding plates and incubated in a humidified 5% CO 2 atmosphere. Colonies were scored on an inverted microscope after 8 days of culture. RNA analysis. Methods for procurement of cells, extraction of total RNA, and real-time RT-PCR analysis were as previously described (17) . Total RNA from single colonies was extracted using the RNeasy Micro Kit (Qiagen, Valencia, CA). Immunocytochemistry. Colonies were hand-picked, spun onto slides using Cytospin 3 (Thermo Shandon, Pittsburgh, PA), immediately fixed in 4% paraformaldehyde/0.15% picric acid in PBS, pH 7.5, for 30 min, and then washed with PBS twice. Cell membranes were permeablized with 0.1% Triton-X 100 (Pierce, Rockford, IL) in PBS at 20°C for 10 min. Protein Block Serum-Free (Dako, Carpinteria, CA) solution was added to inhibit nonspecific staining of the cells. Goat anti-rat C-peptide II serum (1:800 dilution) was purchased from Linco Research (St. Charles, MO). Rabbit anti-mouse Cpeptide I serum (1:200 dilution) was obtained from the Beta Cell Biology Consortium. Rabbit anti-human glucagon serum (1:75 dilution) was purchased from Dako. Primary antibodies were applied to samples and incubated at room temperature for 1 h. Cy3 or Cy5 conjugated donkey anti-rabbit or anti-goat secondary antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). Dilution of the antibodies was made according to the manufacturer's recommendations. Samples were washed with PBS twice before secondary antibodies were applied and incubated at room temperature for 1 h. Samples were washed again with PBS twice and observed by fluorescence microscopy using a Leica DMRA2 microscope. Images were captured as grayscale pictures and colors painted subsequently using Openlab software (Improvision; Quincy, Boston, MA). Flow cytometric analysis. Cells from embryoid bodies, tertiary culture, or semisolid culture were made into a single-cell suspension as described above. Cells were either directly analyzed by using a FACSCalibur (Becton Dickinson) for EGFP expression or fixed in 4% paraformaldehyde/0.15% picric acid and stained with anti-C-peptide I antibody as described for immunocytochemistry. Data were analyzed by CellQuest (Becton Dickinson) software. All events were gated with forward and side scatter profiles. Age-matched TL1 embryonic stem-derived cells or cells stained without primary antibody were used as negative gating controls for EGFP or C-peptide I expression, respectively. Statistical analysis. Student's t test was used to determine statistical significance. Microarray expression profiling and data analysis. The mouse PancChip version 6.0 13K cDNA microarray (http://www.cbil.upenn.edu/EPConDB) (18) was used in this study. Four different biological replicates of mouse Ngn3-EGFP ϩ and Ngn3-EGFP Ϫ populations were analyzed. RNA samples were isolated as described (17) and amplified using Message Amp kit (Ambion, Austin, TX). Methods for quality control of the samples, reverse transcription, fluorescent labeling, and data acquiring were as described (19) . For statistical analysis, the genes were identified as differentially expressed using the patterns from the Gene Expression package (PaGE, version 5.0) as described previously (20) .
RESULTS

Ngn3
-EGFP-expressing cells are present in tertiary culture. Previously, we described a culture system that allows murine embryonic stem cells to commit to early endocrine pancreas lineages in vitro (17) (supplemental Fig. 1 ). Since the progenitors for both the first (21) and second (22) waves of ␤-cells express Ngn3 (4, 12, 23) , pancreatic endocrine progenitors were further characterized in this system by examining the expression of Ngn3 during embryonic stem cell differentiation. An embryonic stem line designated as Ngn3-EGFP, in which the EGFP coding sequence was inserted into one allele of the Ngn3 locus, was used (16) . Haplodeficiency of Ngn3 does not result in developmental abnormality (4, 16) . Insulin I message expression levels in later stage tertiary cultures, analyzed by real-time RT-PCR, were similar among Ngn3-EGFP, TL1 (parental line to Ngn3-EGFP), and R1 embryonic stem lines (Supplemental Fig. 2) , demonstrating that the differentiation protocol (17) is applicable to a variety of murine embryonic stem lines.
To test the extent of endocrine progenitor formation in the later-stage tertiary culture, the kinetics of Ngn3-EGFP expression during embryonic stem cell differentiation were examined by fluorescent flow cytometry (Fig. 1) . Parental TL1 cells were used as a negative control for gating. Consistent with a previous report (24) , Ngn3 was expressed in ϳ18% of undifferentiated embryonic stem cells (Fig. 1A) . The percentage of Ngn3-EGFP ϩ cells decreased during the first 2 days of differentiation and increased to 4 -9% by day 6 of secondary embryoid body culture (Fig. 1A ). The embryoid bodies were then placed into tertiary culture, and the percentage of Ngn3-EGFP ϩ cells increased to 20 -30% within 48 h. This level of expression was maintained throughout the 16 days of tertiary culture (Fig. 1A) . Generation of insulin I-expressing cells after dissociation on day 10 of tertiary culture. Using trypsin to dissociate day 6 embryoid bodies into smaller clusters abrogates the development of insulin I ϩ cells in tertiary culture (17) , suggesting that cell-to-cell interactions established in day 6 embryoid bodies are required to support ␤-cell-like formation. Since colony assays require plating of dissociated single cells, the stage at which ␤-cell-like progenitors could become independent of cell-to-cell interactions was assessed. On days 0, 3, 7, or 10 of the tertiary culture, embryoid body-derived populations were dissociated into single cells (Fig. 2) . Direct plating of dissociated single cells into tissue culture plates did not result in significant expression of insulin I at later time points (not shown). We allowed the single cells to reaggregate at 2-3 ϫ 10 5 cells/ml for 24 h before placing them back into the tertiary culture. Cells were harvested on day 14 of the tertiary culture and analyzed for insulin expression by RT-PCR. Dissociation and reaggregation on day 10 of tertiary culture permitted similar expression levels of insulin I mRNA compared with the control nondissociated cells (Fig. 2) . In contrast, dissociation and reaggregation of day 6 embryoid bodies (or day 0 tertiary cells) resulted in undetectable levels of insulin I (17) , and experiments performed on day 3 or day 7 of the tertiary culture led to reduced insulin expression. These results suggest that at least some progenitors to insulin I-expressing cells may commit by day 10 of tertiary culture and require minimal cell-to-cell interactions established during the earlier phase of the culture.
Ngn3-EGFP
؉ cells isolated on day 10 of tertiary culture express pancreatic endocrine genes. Results from the dissociation and reaggregation studies (Fig. 2) suggest that some cells in day 10 of the tertiary culture may represent a relatively mature phase of progenitor (Table 1) . This may be due to the fact that most Ngn3 ϩ cells express low levels of Ngn3 (Fig. 1B) . In addition, because the EGFP transcript is more stable than Ngn3 (28), some Ngn3-EGFP ϩ cells may have already committed to one of the endocrine lineages and downregulated the expression of Ngn3 (4). To confirm the differential expression of genes from PancChip analysis as well as other pancreatic related genes, quantitative real-time RT-PCR was performed. The results showed that Ngn3, insulin I, hexokinase 2, glucokinase, Glut2, MafA, Pax4, Pax6, and Pdx-1 expression increased, while Hes1 expression decreased in the Ngn3-EGFP ϩ population compared with the Ngn3-EGFP Ϫ cells (supplemental Fig. 3 ). Together, these findings demonstrate that Ngn3-EGFP ϩ cells isolated from day 10 of tertiary culture contain pancreatic-like endocrine or progenitor cells, whereas the Ngn3-EGFP Ϫ population contains exocrine and hematopoietic cells.
Generation of insulin-expressing colonies from Ngn3-EGFP
؉ cells isolated on day 10 of tertiary culture. As shown in Fig. 2 , in order to support continuous development of insulin I-expressing cells from their progenitors, reaggregation of dissociated cells from day 10 of the tertiary culture is required. The cellular interactions required in the reaggregated cultures may contain two components: growth factors and adhesion molecules. We tested whether these cellular interactions could be replaced by a combination of VEGF-A (29), serum, CM from a similar stage of cells, a combination of the ␤-cell specification and differentiation factors NEA (17) , and extracellular components, such as Matrigel (30) .
Dissociated day 10 tertiary culture cells were sorted into Ngn3-EGFP ϩ and Ngn3-EGFP Ϫ populations and placed into the semisolid Matrigel-containing culture along with the aforementioned growth factors. As a control, single nonsorted (designated as "presort") cells were cultured. After 8 days of culture, round colonies ϳ60 -100 m in diameter appeared in the Matrigel layer ( Fig. 3A; left  panel) . Individual cells in the colonies were small, dark, and not light reflective. These colonies were rarely found at the bottom of the culture wells, where fibroblasts and epitheloid cells attached ( Fig. 3A; right panel) . The number of these colonies was highest in cultures initiated with Ngn3-EGFP ϩ population, followed by those initiated with presort cells, and then from Ngn3-EGFP Ϫ cells (Figs. 3B  and C) . A thin coating (Ͻ1 mm) of Matrigel, instead of a thick gel (2-3 mm), did not support the development of such colonies (not shown), suggesting the importance of a three-dimensional lattice for the formation of these colonies.
Correlation of insulin I expression with the number of colonies generated from the three different populations was examined by real-time RT-PCR analysis. Consistent with the number of the colonies shown in Figs. 3B and C, insulin I was expressed at the highest levels in the Ngn3-EGFP ϩ -derived population and at the lowest levels in the Ngn3-EGFP Ϫ -derived population (Fig. 3D) . To determine the percentage of insulin ϩ cells, all cells (attached as well as cells in the Matrigel) were dispersed into single cells and stained with antibody specific for C-peptide I. The results showed that after 8 days of culture in Matrigel, Ͼ6% of the total population derived from Ngn3-EGFP ϩ cells express C-peptide I (Fig. 3E) . In contrast, Ͻ1% of undifferentiated negative-control embryonic stem cells express C-peptide I.
To determine more complete gene expression profiles, multiplex RT-PCR was performed on total differentiated cells originating from Ngn3-EGFP ϩ , Ngn3-EGFP Ϫ , and presort populations (Fig. 3F) . Insulin II, glucagon, Sox17 (an endodermal marker [31] ), hexokinase 2, Glucokinase, MafA, and Glut2 were expressed at higher levels in Ngn3-EGFP ϩ -derived compared with Ngn3-EGFP Ϫ -derived cells. In contrast, expression of Hes1, Pdx-1, Nkx2.2, Pax6, Sox2, and ␤III tubulin was not different among the differentiated cells. Since Sox2 and ␤III tubulin are neuronalspecific markers (32, 33) , this result suggests that semisolid culture does not preferentially support neuronal cell expansion, although survival of Sox2-and ␤III tubulinexpressing cells is evident. Pdx-1 (11,34), Nkx2.2 (5,35), and Pax6 (36, 37) are expressed by both pancreatic and neuronal cells, and thus their expression may represent the presence of pancreatic endocrine or neuronal cells derived from the Ngn3-EGFP ϩ or Ngn3-EGFP Ϫ populations, respectively. Interestingly, the Ngn3 transcript was detected at a higher level in cells derived from the Ngn3-EGFP Ϫ population compared with that derived from Ngn3-EGFP ϩ cells, indicating that some of the cells in the Ngn3-EGFP Ϫ population isolated on day 10 of tertiary culture can subsequently give rise to Ngn3 ϩ cells. Alternatively, the lower expression of Ngn3 in the Ngn3-EGFP ϩ -derived population may indicate that the culture conditions drive progenitor cell differentiation rather than expansion, as Ngn3 expression is normally extinguished when endocrine progenitors are committed to lineagespecific cells during development (38) . Amylase-expressing cells were not detected in the Ngn3-EGFP ϩ -derived population. Together, these results further demonstrate the endocrine potential of the Ngn3-EGFP ϩ population, and the Matrigel-containing semisolid culture method is adequate to support endocrine-like cell development in vitro.
Results shown in Fig. 3 could not prove whether individual colonies express insulin I or insulin II, and it is not clear whether they coexpress glucagon or other endocrine-related genes. Colonies were individually handpicked, and their gene expression was analyzed by quantitative RT-PCR. Undifferentiated embryonic stem cells were used as a negative control. Among 16 single colonies analyzed, all expressed insulin II (Fig. 4A) . In contrast, some, but not all, expressed insulin I (11 of 16), glucagon (7 of 16), Pdx-1 (8 of 16), Glut2 (2 of 8), and glucokinase (5 of 8), suggesting heterogeneity among these insulin-expressing colonies. To confirm protein expression, immunostaining of C-peptide II and glucagon was performed (Fig. 4B) . Consistent with gene-expression analysis, all of the individual colonies examined expressed C-peptide II (Fig. 4B) , and some coexpressed glucagon (Fig. 4E ). These results demonstrate that those morphologically distinctive colonies ( Fig. 3A; left panel) consist of insulin-expressing cells. Characterization of culture conditions for insulinexpressing colony formation. To define more completely the culture requirements for the development of insulin-expressing colonies from their progenitors or ICFUs, several parameters of the culture methods were tested. As noted, a thin coating of Matrigel did not support colony formation, suggesting the importance of the threedimensional lattice for differentiation of ICFUs. In colony assays used for hematopoietic cells, methylcellulose provides the semisolid state and three-dimensional space for colony growth (39) . However, insulin-expressing colonies did not develop with methylcellulose alone ( Table 2) . Addition of Matrigel to methylcellulose at 1:20 vol/vol restored the formation of insulin-expressing colonies (Table 2). These results indicate that a three-dimensional lattice alone is not sufficient for colony formation and that basement membrane components in Matrigel are required to support differentiation of the ICFUs.
Next, we tested which of the soluble culture components were critical for colony formation. Individual components were omitted from cultures originating from sorted Ngn3-EGFP ϩ cells and colonies scored after 8 days of Matrigel-based culture. Omission of CM and the combination of NEA, but not VEGF-A, imposed significant barriers to colony formation (Table 3) . Omission of serum from culture decreased the colony number and size (not shown) to some extent. Together, these results indicate that except for exogenous VEGF-A, all other culture components were necessary to support insulin-expressing colony formation. It should be noted that although exogenous VEGF-A was not required, this molecule was expressed by the Ngn3-EGFP Ϫ population (Table 1) and thus may be present in CM collected from day 10 of the tertiary culture.
Finally, a linear relationship between the number of cells plated and the resulting number of insulin-expressing colonies was observed (Fig. 5) . This result suggests that colony formation is independent of cell density and is consistent with the hypothesis that some progenitors from day 10 of tertiary culture can differentiate autonomously and do not require direct cell-to-cell interaction.
DISCUSSION
In this report, we extend our previous findings (17) to demonstrate that embryonic stem cell-derived tertiary cultures contain ICFUs, which, when plated into semisolid media, give rise to insulin-expressing colonies. The ICFUs can be enriched by sorting of cells that express Ngn3-EGFP on day 10 of the tertiary culture. It should be noted that only 0.1-0.6% of the total sorted Ngn3-EGFP ϩ cells gave rise to insulin-expressing colonies, demonstrating that the Ngn3-EGFP ϩ population is heterogeneous. This low frequency of ICFUs also correlates with the moderate increase of insulin-expressing cells from 2% in the previous study (17) to 6% (Fig. 3E) in the current report. Thus, additional markers need to be examined to further enrich ICFUs from the Ngn3-EGFP ϩ cells. PancChip analysis demonstrated that ϳ16 genes differentially expressed in the Ngn3-EGFP ϩ cells encode for cell surface proteins (supplemental Table) . It will be interesting to test whether these cell surface proteins can be used to increase the frequency of ICFUs. Until ICFUs can be sufficiently enriched, it will remain uncertain whether ICFUs are those that express Ngn3 or the immediate descendents of the Ngn3 ϩ cells, as the EGFP transcript is more stable than Ngn3.
The results demonstrate that individual insulin-expressing colonies display various gene expression profiles (Fig.  4A) , suggesting that the ICFUs are heterogeneous in lineage potential or developmental kinetics. In the previous study, the presence of insulin ϩ glucagon ϩ cells was observed as early as day 11 of the tertiary culture (17) . Thus, it may not be surprising that ϳ44% of the insulinexpressing colonies coexpressed glucagon (Fig. 4A) . Since glucagon expression overlapped with C-peptide II in double immunostaining analysis (Fig. 4E) , ICFUs isolated on day 10 of tertiary culture may contain the first wave-like endocrine progenitors. It remains to be determined whether some colonies, such as numbers 13 and 14 in Fig.  4A , that expressed insulin I, insulin II, and Pdx-1, but not glucagon, represent second wave-like pancreatic ␤-cells. Since neuronal cells express insulin II but not insulin I (40, 41) , it is also possible that some ICFUs are Ngn3-expressing neuronal cells. For example, colony number 6 in Fig. 4A expressed only insulin II, but not insulin I, Pdx-1, or glucagon.
A useful colony assay for progenitors is composed of two components. First, the culture media should be semisolid and thus limit the movements of individual progenitors, while allowing the differentiated cells derived from those progenitors to expand in space. Second, the culture components, i.e., growth factors and extracellular matrix, should be permissive for the progenitors of interest to differentiate according to their lineage potential (13) . While the culture components used in this study contain many undefined factors, the insulin-expressing colony assay described in this report represents the first functional and quantitative tool by which the biology of individual ICFUs can be studied in vitro. Data are means Ϯ SD from quadruplicate samples. A total of 2.5 ϫ 10 4 ngn3-EGFP ϩ cells were plated in Matrigel-based semisolid media containing CM; a combination of nicotinamide, exendin-4, and activin ␤B; VEGF-A; and FCS. Individual components that were omitted are indicated. The number of insulin-expressing colonies was scored after 8 days of culture. *Colony numbers are different from those in cultures containing all growth factors at P Ͻ 0.05.
